LaOBiPbS 3 is a kind of pnictogen-dichalcogenide layered compounds, which have recently been experimentally investigated as thermoelectric materials owing to their low thermal conductivity and high controllability of constituent elements. However, thermoelectric performance of LaOBiPbS 3 is at present not very high and that of its analogous compounds remains to be unknown. In this study, we theoretically investigate thermoelectric properties of 24 possible variations of the constituent elements in LaOBiPbS 3 from the viewpoint of the electronic structure. We find that some compounds can have much better thermoelectric performance than LaOBiPbS 3 ; in particular, LaOSbPbSe 3 is predicted to have a power factor five times as large as that of LaOBiPbS 3 . Here, the choice of the pnictogen atom (As, Sb, and Bi), of which the low-energy conduction bands mainly consist, correlates with the calculated power factor and the dimensionless figure of merit, ZT. Such correlation comes from the fact that the low-dimensionality of the electronic structure, which enhances the density of states near the band edge, strongly depends on the pnictogen atom through, e.g., the strength of the spin-orbit coupling. Moreover, hybridization of the wave functions in the pnictogen-dichalcogenide layer and those in the rock-salt layer plays a key role in gap opening, and thus is important for achieving high thermoelectric performance. In LaOSbPbSe 3 , such hybridization also pushes up the conduction band bottom, which enhances the density of states near the band edge and thus the power factor.
I. INTRODUCTION
Thermoelectric generation has recently been receiving a lot of attention because of its importance in energy harvesting, and many researchers seek high-performance thermoelectric materials for putting it to partial use. The efficiency of thermoelectric conversion is assessed by the dimensionless figure of merit, ZT :
where σ, S, κ and T are the electrical conductivity, the Seebeck coefficient, the thermal conductivity, and the temperature, respectively. In the rightmost term of Eq. (1), the thermal conductivity is written as the sum of the electronic and the phononic contribution: κ = κ el + κ ph , and the power factor is defined as follows: PF = σS 2 , which is also used for measuring the thermoelectric performance. Through a long attempt to increase ZT and PF, several favorable aspects of the electronic structure were found, such as the multi-valley band structure 1 and the low-dimensionality [2] [3] [4] [5] . From this viewpoint, pnictogen-dichalcogenide layered compounds 6 , such as Bi 4 O 4 S 3 and LnOBiS 2 (Ln = La, Nd, Ce, etc.), which have been well-known as a superconductor [7] [8] [9] [10] [11] and recently gathered attention also as a thermoelectric material 12 , are promising because they possess low-dimensional as well as multi-valley band structure, owing to the quasi-onedimensional character of the Pn-p x,y orbitals in the conducting PnCh 2 layer (Pn = Pnictogen = Bi, Sb; Ch = Chalcogen = S, Se) [13] [14] [15] alternately stacked with the insulating layer. A rich variety of the insulating layer, such as LnO in LnOBiS 2 , is also preferable because it offers high controllability of the crystal structure. In addition, it was shown that the rattling motion of the Bi atom possibly reduces the thermal conductivity in LaOBiS 2−x Se x 16, 17 . As a matter of fact, LaOBiSSe was reported to exhibit a relatively high ZT ∼ 0.36 at 650 K with the low thermal conductivity κ ∼ 0.8-1.2 W m
. It is noteworthy that a recent theoretical study 14 pointed out that the thermoelectric performance of LnOBiS 2 can be sizably enhanced by using lighter and heavier elements for the pnictogen and chalcogen atoms, respectively. Along this line, recent experimental findings are intriguing: LnOSbSe 2 exhibits a low thermal conductivity, 1.5 W m −1 K −1 for Ln = La and 0.8 W m −1 K −1 for Ln = Ce 19 , and ZT is enhanced by a partial substitution of Sb for Bi in NdO 0.8 F 0.2 BiSe 2 20 .
Given this background, searching thermoelectric materials with the PnCh 2 layer is an attractive idea. One possible candidate is LaOBiPbS 3 21,22 , where the BiS 2 conducting layer is stacked not only with the LaO insulating layer but also with the PbS rock-salt layer, as shown in Fig. 1 . We note that, while Bi and Pb located at the M1 and M2 sites are not completely ordered, it was shown that the M1 (M2) site is mainly occupied by Bi (Pb) atom 22 . From now on, this composition is denoted by LaO(PbS)BiS 2 , by which one can easily see the constituent elements of each layer. It is advantageous that the electron carrier doping is possible by a partial replacement of oxygen with fluorine 23 . While the thermoelectric performance of LaO(PbS)BiS 2 is at present not very high, e.g., PF ∼ 1.5µW cm −1 K −2 at 770 K 23 , a possible enhancement of its performance is expected through a change of the constituent elements because of its large degrees of freedom,most of which still have remained unexplored.
In this study, we theoretically investigate the thermoelectric properties of LaO(T tCh A )PnCh B 2 (Pn = As, Sb, Bi; T t = Tetrel = Sn, Pb; Ch A, B = S, Se). We find a correlation between the choice of the Pn atom, of which the low-energy conduction bands mainly consist, and the calculated PF and ZT . Such correlation comes from the fact that the low-dimensionality of the electronic structure, which enhances the density of states FIG. 1. Crystal structure of LaO(PbS)BiS 2 . In this study, we assumed that the M1 and M2 sites are occupied by Bi and Pb atoms, respectively (see the main text for detail). Depicted using the VESTA software 24 .
(DOS) near the band edge, strongly depends on the Pn atom through, e.g., the strength of the spin-orbit coupling (SOC). In addition, hybridization of the wave functions in the PnCh B 2 layer and those in the T tCh A rock-salt layer plays a key role in gap opening, and thus is important for high thermoelectric performance. A calculated power factor of LaO(PbS)BiS 2 is enhanced by a factor of five in LaO(PbSe)SbSe 2 , where the hybridization mentioned above also pushes up the conduction band bottom, which enhances DOS near the band edge and thus the power factor. This paper is organized as follows. Section II presents the detailed procedure of our calculation and a brief description of the Boltzmann transport theory used in our work. We present the basic thermoelectric properties of LaO(PbS)BiS 2 in Sec. III A. Section III B presents calculated PF and ZT for all the chemical compositions investigated in this study, and theoretical analysis of it to clarify the role of each atom in LaO(T tCh A )PnCh B 2 . Section IV is devoted to the conclusion of this study.
II. CALCULATION METHOD
First, we optimized the crystal structure of our target materials using the Perdew-Burke-Ernzerhof exchange-correlation functional revised for solids (PBEsol) 25 and the projectoraugmented wave method 26 as implemented in the Vienna ab initio simulation package (VASP) [27] [28] [29] [30] . Our calculation started from the experimental crystal structure of LaO(PbS)BiS 2 taken from Ref. 22 , and kept its symmetry, i.e., a space group of P4/nmm and the Wyckoff positions of the atoms therein, during the structural optimization. In addition, we assumed that our target material consists of the LaO, TtCh A , and PnCh B 2 layers, i.e., we neglected the antisite occupation of the T t and Pn sites. Further detailed analysis of the crystal symmetry and the antisite occupation is an important but challenging future issue. In the structural optimization, we used a 10×10×3 k mesh and a plane-wave cutoff energy of 550 eV with the inclusion of SOC. Obtained lattice constants for all the materials investigated in this study are shown in Appendix B.
Using the optimized crystal structure, we next performed band-structure calculation using the modified Becke-Johnson potential proposed by Tran and Blaha 31, 32 and the full-potential (linearized) augmented plane-wave method as implemented in the 2 package 33 . We used a 16 × 16 × 3 k mesh and set the RK max parameter to 7. SOC was included unless noted. Finally, we calculated the transport properties using the BoltzTraP package 34 . Using this package, one can calculate the following quantities on the basis of the Boltzmann transport theory with the constant relaxation-time approximation,
where e(> 0) is the elementary charge and the K ν is the transport coefficient expressed as follows:
where
are the relaxation time, the group velocity of the electron on the n-th band at the certain Bloch wave vector k, the Fermi-Dirac distribution function, electronic energy dispersion and the chemical potential, respectively. For calculating these quantities, we used a 62 × 62 × 12 k mesh and the temperature T = 300 K. Because an experimental study on LaO 1−x F x (PbS)BiS 2 succeeded in performing electron-carrier doping by a partial replacement of oxygen with fluorine 23 , we concentrated on the transport properties in the electron-doped region using the rigid-band approximation. In addition, we concentrated on the in-plane diagonal components of these tensors, e.g., PF = PF xx = PF yy , because the off-diagonal components vanish for the space group of P4/nmm and the electronic conductivity along the z axis is very small owing to the existence of the insulating layer. Because it is challenging to determine the relaxation time τ and the lattice thermal conductivity κ ph with first-principles calculation, we assumed τ = 5.0 ×10 −15 s and κ ph = 3.0 W m
in this study. This value of the relaxation time is typical for thermoelectric materials. The lattice thermal conductivity here was determined by reference to the experimental total thermal conductivity of LaO(PbS)BiS 2 , κ ∼ 1-4 W m
at 50-300 K 21 .
To obtain the orbital-decomposed band dispersion, we extracted the Wannier functions from the first-principles band structure without the maximal localization procedure by using the 2 and 90 packages [35] [36] [37] [38] . We took the p orbitals of all the atoms except for La as the Wannier functions, using a 10 × 10 × 3 k mesh in the Wannier construction. We also used these Wannier functions to see the role of the rock-salt layer in the thermoelectric performance, which we shall describe later in Sec.III B 4. In Sec. III B 4, we also calculated the transport properties using the tight-binding model consisting of the Wannier functions. For this purpose, we used a 240 × 240 × 60 k-mesh.
III. RESULTS AND DISCUSSION

A. Thermoelectric properties of LaO(PbS)BiS 2
To begin with, we investigated the electronic structure of LaO(PbS)BiS 2 . Figure 2 (a) presents its first-principles band structure calculated with SOC. As shown by first-principles calculation presented in Ref. 22 , the valence and conduction bands mainly consist of the Bi-p orbitals in the BiS 2 layer and the S-p orbitals in the PbS rock-salt layer, respectively. In other words, the band structure of LaO(PbS)BiS 2 near the valenceband top can be regarded as a consequence of the hybridization between the conduction bands of the BiS 2 layer and the valence bands of the PbS rock-salt layer. We note that the conduction bands here are quite similar to those in LaOBiS 2 , which has a stacked structure of the LaO insulating layer and the BiS 2 conducting layer 13 . A difference between them, except the hybridization mentioned above, is the existence of the Pb-p band edge in LaO(PbS)BiS 2 , which is indicated by a red dotted arrow (a dotted arrow with a higher energy at the X point) in Fig. 2(a) . Another dotted arrow colored in blue (a dotted arrow with a lower energy at the X point) in Fig. 2 (a) denotes the band edge of the Bi-p bands. At the X = (πa −1 , 0, 0) point, the Bi-p x,y bands form the band edges with different energies, one of which lies at the energy shown with the blue (lower-energy) dotted arrow and the other of which lies at the valence-band top in Fig. 2(a) . While the energy difference between these band edges are small when calculated without SOC as shown in Fig. 2(b) , SOC enhances the hybridization between the Bip x,y orbitals, and then the energy difference increases as shown in Fig. 2(a) , in the same manner as LaOBiS 2 14 . Here, we point out that each band dispersion near the Fermi energy exhibits nearly two-fold degeneracy without the spin degrees of freedom, because there are two BiS 2 layers and two PbS planes in the unit cell of LaO(PbS)BiS 2 (see Fig. 1 ). Because these two BiS 2 layers are separated by the rock-salt layer, the band splitting caused by the bilayer coupling between the BiS 2 layers is almost absent for the Bi-p bands. As for LaOBiS 2 , where the BiS 2 layers are neighboring, such a band splitting is actually small, partially by the symmetry of the crystal structure and the Bloch wave functions 39 , but larger than that in LaO(PbS)BiS 2 .
The last feature of the band structure we mention here is that there is a van Hove singularity (vHs) at the energy of around 0.8 eV indicated by blue solid arrows in Fig. 2(a) , which is the same feature as LaOBiS 2 13 . We can verify the interesting aspects mentioned above also by looking into DOS shown in Figure 2(e) presents the power factor PF, the Seebeck coefficient S, and the electrical conductivity σ, calculated at 300 K with the inclusion of SOC. We can find that the band edges and vHs indicated by the arrows in Fig. 2 (c) result in peaks of PF. It is interesting that the PF peak around µ = 0.7 eV has a comparable height to the PF peak near the conduction band bottom, even though the former is energetically far away from the conduction band bottom. As a matter of fact, the band edges at the X point with higher energies indicated by dotted arrows in Fig. 2(a) cannot yield a large PF peak as shown in Fig. 2(e) , because the Seebeck coefficient becomes too small by such a heavy electron doping. The PF peak around µ = 0.7 eV owes to the large DOS of vHs, which prevents the Seebeck coefficient from decreasing by increasing the chemical potential, and also augments the electrical conductivity. If this vHs gets close to the conduction band bottom, i.e., ∆ vHs becomes small, the thermoelectric performance is expected to be much improved. As pointed out in Ref. 14 , the reduction of ∆ vHs is closely related to the enhancement of the quasi-one-dimensionality of the electronic structure. In fact, the conduction band shown in Fig. 2(a) has a sharp dispersion along the Γ-X-M line, but a small ∆ vHs corresponds to a less-dispersive nature of the band dispersion along certain directions (concretely, from X to the center of the Γ-M line). Moreover, the insulating layer makes the band dispersion along the k z direction nearly flat. Therefore, the band dispersion hosts a quasi-one-dimensionality. In real space, such a quasi-one-dimensionality can be interpreted as a manifestation of the anisotropy of the in-plane Biand S-p orbitals, which form the square lattice in the BiS 2 conducting layer, similarly to LaOBiS 2 13 . It is advantageous for high thermoelectric performance that such a quasi-onedimensional band dispersion is degenerate with respect to the spin degrees of freedom and nearly degenerate with respect to the bilayer degrees of freedom. In addition, the equivalency between the x and y directions for the crystal symmetry yields the multi-valley character: one quasi-one-dimensional band is dispersive with respect to the (k x + k y )/ √ 2 direction and the other for the (k x − k y )/ √ 2 direction, corresponding to the anisotropy of the p (x±y)/ √ 2 orbitals along the Bi-S bonds 13 . It is noteworthy that decreasing ∆ vHs (i.e., enhancing the low-dimensionality) was theoretically verified to be a good strategy for enhancing the power factor in LaOPnCh 2 14 . One strategy for reducing ∆ vHs in LaOPnCh 2 shown in that study is to decrease SOC, which seems to work well also for our system. Figure 2 (f) presents the transport properties of LaO(PbS)BiS 2 calculated with and without SOC, where µ * is defined as the chemical potential measured from the conduction band bottom. For metallic systems we shall investigate later in this paper, µ * is the Fermi energy, which is set at zero, and so µ * = µ holds. As shown in Fig. 2(f) , the electrical conductivity increases by turning off SOC, while keeping the Seebeck coefficient, which results in a sizable enhancement of PF. While the vHs is still far away from the conduction-band bottom even without SOC, an approach of the vHs to the band edge enhances DOS near the band edge as shown in Fig. 2(d) . The change of the electronic structure here owes to the suppression of the splitting of the Pn-p x,y bands near the X point. Namely, the small splitting of the Pn-p x,y bands near the X point makes the energy difference between the vHs and the conduction band bottom, ∆ vHs , smaller 14 . We shall see later that the choice of the Pn atom in LaO(T tCh A )PnCh B 2 indeed affects its thermoelectric performance.
We note that the present calculation result shows higher thermoelectric performance than those of experimental previous studies, e.g., PF ∼ 1.5 µW cm −1 K −2 at 770 K 23 , ∼ 0.34 µW cm
at 300 K 21 . In these experimental studies, the material has been synthesized as polycrystals, so that the thermoelectric efficiency is suppressed due to the presence of insulating layers in between the conducting layers. The present study indicates that the thermoelectric performance of this material can be enhanced if single crystals can be synthesized.
B. Elemental substitution
To seek the possibility of enhancing the thermoelectric performance of LaO(PbS)BiS 2 , we have theoretically investigated 24 kinds of materials with the chemical composition LaO(T tCh Using τ = 5 × 10 −15 s and κ ph = 3.0 W m −1 K −1 , we calculated ZT and PF for these 24 compositions as presented in Fig. 3 . In Fig. 3 , we can find some trends for PF and ZT with respect to constituent elements: for example, ZT becomes higher for T t = Pb, Pn = Sb, and Ch A, B = Se. In fact, we find that LaO(PbSe)SbSe 2 exhibits the highest thermoelectric performance in these candidate materials: PF ∼ 40 µW cm −1 K −2 and ZT ∼ 0.28 for T = 300 K. From the next section, we shall see the microscopic origin of these trends in detail. We note that these trends remain unaffected also when using τ = 10 −14 s, which we have checked since the relaxation time (to be more precise, the ratio τκ −1 ph ) is regarded as an unknown parameter in this study.
Tt series
To investigate the role of the T t element in the thermoelectric performance, we calculated the electronic band structure of LaO(SnS)BiS 2 as shown in Fig. 4(a) . By comparing it with that of LaO(PbS)BiS 2 shown in Fig. 2(a) , a crucial consequence by substituting Pb with Sn is the closing of the band gap. One possible cause of the gap closing is the weakened coupling between the T tCh A and PnCh B 2 layers for T t = Sn. In fact, the Pn-Ch A distance becomes longer by substituting Pb with Sn as listed on Table I in Appendix B. Because the downward and upward convex bands around the Fermi energy mainly consist of the Pn-and Ch A -p orbitals, respectively 22 , a long Pn-Ch A distance for T t = Sn will result in a smaller hybridization between these bands around the X point, and hence yield the metallic band structure. We note that all the compositions with T t = Sn investigated in this study exhibit a metallic band structure in our calculation, while some compositions with T t = Pb have a gapped one, as shown in Table I . Fig. 4 (b) present σ, S and PF of LaO(T tS)BiS 2 with T t = Sn and Pb. At µ * ≃ 0, the metallic band structure for T t = Sn yields a small Seebeck coefficient, which drastically degrades PF. Although PF of T t = Sn becomes much higher than T t = Pb at µ * ≃ 0.1 eV because of the high electrical conductivity for the former, the merit in ZT is limited because the high electrical conductivity inevitably results in a high electronic thermal conductivity (κ el ), which appears in the denominator of ZT . While LaO(SnS)BiS 2 exhibits a maximum ZT value larger than that of LaO(PbS)BiS 2 , most of the T t = Sn group materials have smaller ZT than the materials in the T t = Pb group, as shown in Table I . The origin of this trend can be understood by the metallic band structure for T t = Sn.
Pn series
As we have seen in Fig. 3 , a remarkable correlation exists between the Pn element and the thermoelectric performance. Based on our observation described in the following analysis, there are two important ingredients that yield this correlation: quasi-one-dimensionality becomes strong by replacing Bi with lighter pnictogen atoms, but the arsenic makes the band structure metallic, which degrades, especially, ZT .
Figures 5(a)-(b) present the electronic band structure of LaO(PbS)AsS 2 and LaO(PbS)SbS 2 , respectively. The overall characteristics of the band structure are common to LaO(PbS)PnS 2 (Pn = As, Sb, Bi), but one important difference is the gap closing for Pn = As. As a result, the transport properties, σ, S, and PF, of LaO(PbS)AsS 2 shown in Fig. 5(c) exhibit a behavior similar to those of LaO(SnS)BiS 2 , which we have seen in the previous section. Namely, S and PF become small at µ * ≃ 0 for LaO(PbS)AsS 2 because of its metallic band structure. Although PF becomes large by heavy carrier doping there, ZT peak is smaller than that of Pn = Sb, as shown in Fig. 5(d) , which is likely be due to the large electronic thermal conductivity for Pn = As with the metallic electronic structure. We note that all the other compositions with Pn = As also have a metallic band structure as shown in Table I .
For Pn = Sb, where the gap closing does not take place, PF and ZT are much larger than those for Pn = Bi as shown in Figs structure can be drastically enhanced by replacing Bi with Sb or As, because of the suppressed SOC, smaller inter-pnictogen transfer integrals, and the closer energy levels of the Pn and S atomic orbitals 14 . In Sec. III A, we have already seen the effect of SOC on thermoelectric performance through the change in ∆ vHs , i.e., the quasi-one-dimensionality, for our target material LaO(PbS)BiS 2 . Because both LaO(PbS)BiS 2 and LaOBiS 2 have the BiS 2 conducting layer, the same strategy for improving the thermoelectric performance is expected to work well. As a matter of fact, we found that ∆ vHs decreases from 0.65 eV for LaO(PbS)(BiS 2 ) to 0.36 eV for LaO(PbS)(SbS 2 ). As a result, PF and ZT are enhanced for Pn = As and Sb compared with Pn = Bi. We note that the enhancement in PF shown in Fig. 5(c) is larger than that induced by switching off SOC in LaO(PbS)BiS 2 shown in Fig. 2(f) . This means that, while the suppression of SOC in Pn = As or Sb plays some role in enhancing PF, other effects described above should also be important in our material. In addition, an important difference between LaO(PbS)PnS 2 and LaOPnS 2 is the possibility of the gap closing for the former, depending on the coupling between the PnS 2 and PbS layers. This difference results in the metallic band structure and thus the degraded thermoelectric performance for Pn = As as mentioned in the previous paragraph. Figure 6 (a) presents the electronic band structure of LaO(PbSe)SbSe 2 . By comparing it with the electronic band structure of LaO(PbS)SbS 2 shown in Fig. 5(b) , we can find that the electronic band structure is less affected by the choice of the Ch atom, except that the valence band structure is slightly shifted upward in Fig. 6(a) because the energy levels of the Se atomic orbitals are higher than those of the S atomic orbitals.
Ch series
However, by changing Ch B from S to Se, PF and ZT are sizably enhanced. The calculated values of σ, S, PF, DOS, and ZT for LaO(PbCh A )SbCh B 2 (Ch A,B = S, Se) are shown in Figs. 6(b)-(d) . These quantities except of DOS were calculated at T = 300 K. By looking into Fig. 6(c) , DOS is less affected by Ch B , but the electrical conductivity shown in Fig. 6 (b) exhibits a sizable increase by the change of Ch B = S → Se, which means that the group velocity is enhanced by this change. A possible reason for it is the approaching energy levels of the Sb-p orbitals and Ch B -p orbitals as discussed in Ref. 14 for LaOPnCh 2 , which strengthens the coupling between these atomic orbitals and then sharpens the band dispersion. Consequently, PF reaches a maximum value of nearly 40 µW cm −1 K −2 . This value is similar to that of Bi 2 Te 3 , which is well known as a good thermoelectric material at room temperature. Although this comparison is based on a certain assumption for the τ value for the present material, the assumed value is still smaller than the known value for Bi 2 Te 3 .
On the other hand, the change of Ch A = S → Se only brings a small enhancement of PF and ZT as shown in Figs. 6(b) and (d). This weak enhancement may come from the increased DOS as shown in Fig. 6(c) . To investigate the origin of the DOS enhancement, we employed the Wannier orbitals to show the orbital character onto the band dispersion as presented in Figs. 7(a)-(d) . We find that ∆ vHs becomes small by the change of Ch A = S → Se, from 0.30 to 0.37 eV. The situation is schematically shown in Fig. 7(e) . Because of the different energy levels for the S-and Se-p orbitals, the Pn band bottom becomes a little far away from the conduction band bottom in Ch A = Se, as a consequence of the band hybridization shown here. Thus, ∆ vHs , which is the energy difference between the conduction band bottom and vHs, becomes smaller in Ch A = Se. This means the quasi-one-dimensionality is enhanced, which enhances DOS near the band edge.
For all the pairs of (Ch A , Ch B ) for LaO(PbCh A )SbCh B 2 , we verified that the band gap remains opened (see Table I ) and the characteristic band deformation as shown in Fig. 7 (e) takes place at the X point. Such a deformed band dispersion reminds us of the pudding-mold-shaped band structure 40 , which improves PF through the coexisting large DOS and the large group velocity for several materials [40] [41] [42] [43] [44] .
We note that the effect of the chalcogen atoms on the thermoelectric performance depends on the T t and Pn elements as shown in Table I . In fact, the correlation between the thermoelectric performance, PF and ZT , and Ch elements is not so strong as shown in Fig. 3 . However, this weak correlation might be natural because of the relatively small difference of the band structure near the Fermi level induced by the chalcogen atoms, as we have seen in this section.
The effect of inserting rock-salt layer
In this section, we focus on the effect of inserting rock-salt layer on thermoelectric performance. For this purpose, we calculated the electronic band structure and the thermoelectric properties by using two types of tight-binding models: one consists of all Wannier functions and the other consists of Wannier functions except for those in the rock-salt layer (the T t-p and the Ch A -p orbitals). Figures 8 (a)-(b) present the electronic band structures of two types of tight-binding model for LaO(PbSe)SbSe 2 , and those on the k z = 0 plane are shown in Figs. 8 (c)-(d) . In Fig. 8 (b and the band dispersion along the lines |k x | +|k y | = π becomes less dispersive (i.e. quasi-one-dimensionality is enhanced) by inserting the rock-salt layer. The comparison of the thermoelectric properties between two types of tight-binding models is presented in Figs. 8 (e)-(f) for LaO(PbSe)SbSe 2 . In the case of LaO(PbSe)SbSe 2 , ∆ vHs changes from 0.46 eV to 0.25 eV by inserting rock-salt layer, which results in a PF peak shift as shown with arrows in Figs. 8 (e)-(f) . As a consequence of this PF peak shift, the maximum value of PF peak sizably increases by realizing both high Seebeck coefficient and high electrical conductivity. By inserting the rock-salt layer, the proportion of the volume of the conduction layer to the entire bulk is reduced, so that a reduction in the thermoelectric performance should be originally expected. However, it is surprising that there is instead an enhancement of PF. On the other hand, in the case of LaO(PbS)BiS 2 (shown in appendix B), although ∆ vHs becomes small by intercalating rock-salt layer (from 0.81 eV to 0.65 eV), vHs is still far away from conduction band bottom because of the effect of Pn, which we discussed in the Sec.III B 2. Seebeck coefficient becomes too small by such a heavy electron doping and hence PF is also suppressed.
Temperature dependence of ZT
Because of the narrow (or even zero) band gap in our target materials, the temperature dependence of the thermoelectric performance is worth investigating. Figure 9 presents the temperature dependence of ZT for LaO(PbSe)SbSe 2 , which exhibits the highest ZT within our calculation shown in this study. Here, the chemical potential is chosen at each temperature so as to realize the maximum ZT at that temperature. We have tried three values for the relaxation time: τ = 1, 5, 10 fs here, which is expected to cover a typical range of the relaxation time in thermoelectric materials. Normally, narrow-gap semiconductor, like this material, cannot exhibit high thermoelectric performance at high temperature, because both electrons and holes are excited, which reduces the See- FIG. 9 . Temperature dependence of ZT for LaO(PbSe)SbSe 2 calculated using several values of the relaxation time τ. Here, the chemical potential is chosen at each temperature so as to realize the maximum ZT at that temperature. beck coefficient (bipolar effect). However, we found that high thermoelectric performance is realized at relatively high temperature in LaO(PbSe)SbSe 2 : ZT reaches around 0.9 at 1000 K for τ = 5 fs, and 1.1 at 900 K for τ = 10 fs. Such a large ZT owes to the deep chemical potential µ * at the ZT peak as shown in Fig. 6(d) , which prevents the generation of the hole carriers. We note that, in reality, the heavy carrier doping and high temperature inevitably shorten the relaxation time through active electron-phonon scattering, which will somewhat suppress ZT at deep µ * and high temperature. Since the first-principles treatment of the electron-phonon scattering is challenging, this point is an important future issue.
IV. CONCLUSION
We have theoretically investigated the thermoelectric performance (PF and ZT ) of LaO(T tCh A )PnCh B 2 , and found that LaO(PbSe)SbSe 2 achieves the best performance among these 24 candidate materials. For LaO(PbSe)SbSe 2 , ZT reaches around 0.9 at 1000 K for τ = 5 fs, and 1.1 at 900 K for τ = 10 fs. This high performance originates from the quasione-dimensionality of the electronic structure, which can be enhanced mainly by changing the Pn atom, in the same manner as LaOBiS 2 . The non-zero band gap is also an important factor for high thermoelectric performance. For example, T t = Sn is not favorable for achieving high ZT because of the gap closing, induced by the suppressed coupling between the T tCh A rock-salt layer and the PnCh B 2 conducting layer. Hybridization between the PnCh A and T tCh B 2 layers is important not only for opening the gap, but also for making the van Hove singularity closer to the band edge, i.e., for enhancing the low-dimensionality and thus DOS near the band edge. Our study offers a possible designing principle for improving the thermoelectric performance of LaO(PbS)BiS 2 . I . Calculated values of the optimized structural parameters, the maximum ZT, the maximum PF, and the band gap of all the materials investigated in this study. the maximum ZT and the maximum PF were calculated at 300 K using τ = 5.0 × 10 −15 s and κ ph = 3.0 W m −1 K −1 . In panels (a)-(b), the energy of the conduction band bottom was set to zero.
